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Nitric oxide synthase isoform expression in acute versus chronic A large number of patients suffering from glomerular
anti-Thy 1 nephritis. diseases develop progressive renal failure due to glomer-
Background. Two inbred Lewis rat substrains (LEW/Moe, ular scarring [1]. Substantial knowledge about pathoge-LEW/Maa) were identified responding differently to induction
netic mechanisms of progressive renal disease is cur-of anti-Thy 1 glomerulonephritis (aThy 1-GN). LEW/Moe rats
rently derived from studies in animal models; however,show an acute mesangioproliferative glomerulonephritis with
rapid healing of glomerular lesions within four weeks, while most models resemble more the course of intact wound
LEW/Maa rats develop severe glomerular injury followed by healing than that of progressive glomerular disease. Acute
chronic glomerular sclerosis and persistent albuminuria. We anti-Thy 1 antibody-induced glomerulonephritis (aThyinvestigated whether the glomerular expression pattern of ni-
1-GN) is one of these well-established rat models [2].tric oxide synthase (NOS) isoforms could explain these sub-
An initial inflammatory phase is followed by mesangialstrain-related differences.
Methods. Rats (N  5 to 7 per group) were investigated in cell proliferation and glomerular matrix expansion, and
a time course experiment. Severity of aThy 1-GN was deter- finally by complete resolution of glomerular lesions. Re-
mined by albuminuria measurements, glomerular matrix score peated induction of aThy 1-GN in rats or single induction
and microaneurysm formation. Glomerular gene expression of
plus uninephrectomy, however, transform this modelNOS isoforms was determined by semiquantitative RT-PCR.
into a chronic glomerulonephritis better resembling theInducible NOS (iNOS) activity was determined in cultured
glomeruli and peritoneal macrophages. Neuronal NOS (nNOS) course of many human glomerular diseases [3, 4].
protein expression was detected by Western blotting and en- We recently identified two inbred Lewis rat substrains
zyme histochemistry. Plasma renin activity (PRA) was mea- (LEW/Moe and LEW/Maa) reacting distinctly different
sured by RIA.
to single injection-induced aThy 1-GN. LEW/Moe ratsResults. Induction of iNOS expression and activity was
develop moderate glomerular matrix expansion and pro-found significantly increased and sustained in LEW/Maa vs.
LEW/Moe rats associated with an increased number of infil- teinuria after seven days and recover completely within
trating macrophages and with an increased capacity of iNOS- less than four weeks. In contrast, LEW/Maa rats show
expression and iNOS-activation by isolated macrophages in chronic glomerular sclerosis for more than six months
LEW/Maa rats. Glomerular nNOS mRNA and nNOS protein
accompanied by pronounced albuminuria. Comparingexpression were constitutively increased in LEW/Maa rats. Re-
the disease phenotypes of these two Lewis rat substrainsnal nNOS localization was restricted to the macula densa region
in both substrains and associated with increased PRA in LEW/ presumably should permit the identification of important
Maa rats. No difference in glomerular endothelial NOS-mRNA pathogenetic factors contributing to the progression of
expression between the substrains was observed. glomerular disease.
Conclusions. Increased glomerular iNOS and nNOS expres-
The current investigation focuses on the role of thesion were associated with chronic anti-Thy 1 glomerulonephri-
glomerular l-arginine/nitric oxide (NO) pathway [5–7].tis in LEW/Maa rats and may contribute to glomerular damage
by separate mechanisms. NO is a cell-to-cell signaling molecule involved in multi-
ple biological functions, many of which are key factors
in the physiological maintenance of organ homeostasis,
1 Both authors contributed equally to the work done in this study. but NO may as well be cytotoxic when produced in high
tissue concentrations [8–10]. NO can be produced byKey words: macrophages, albuminuria, plasma renin activity, endothe-
lial nitric oxide synthase, mesangioproliferative glomerulonephritis. three different enzyme isoforms: by a neuronal (nNOS,
NOS-I) and an endothelial NO synthase (eNOS, NOS- 2002 by the International Society of Nephrology
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III), which are the constitutive and Ca-dependent iso- Albuminuria measurements
forms, or by an inducible NOS (iNOS, NOS-II), which Rat albuminuria was determined by using a modi-
is induced by proinflammatory cytokines including in- fied competitive enzyme-linked immunosorbent assay
terleukin-1 (IL-1), interferon- (IFN-) and tumor (ELISA) technique [24]. The 96-well plates (NUNC Im-
necrosis factor- (TNF-), and by bacterial lipopoly- munosorb Maxisorb; Nalge Nunc Int., Rochester, NY,
saccharides, and subsequently produces NO in large USA) were coated with rat albumin (solution of 0.2 mg/L
amounts for hours to days [8–10]. All three NOS isoforms in 0.1 mol/L sodium bicarbonate) and subsequently washed
were previously localized in the kidney [11]. nNOS is with buffer A [20 mmol/L diethylmalonic acid, 150 mmol/L
involved in the regulation of renin release, while NO sodium chloride, 0.1 mmol/L ethylenediamine tetraacetic
released by eNOS acts as a vasodilator in the glomerular acid (EDTA), 1 mL Tween 20, 0.5% gelatin; pH 7.4].
microcirculation and effectively counteracts the vasocon- Fifty microliters of stepwise-diluted urine samples were
strictor actions of angiotensin II [11–15]. Glomerular pipetted into the wells and rabbit anti-rat albumin conju-
activity and expression of iNOS were previously detected gate (GAR a/ALB/PO; BIOGENZIA/Nordic Immuno-
in several experimental models of glomerulonephritis logie, Bochum, Germany) was added. After additional
including aThy 1-GN, and were positively associated with washings with buffer A, 200 L of 0.5 mmol/L tetra-
the severity of inflammation [6, 7, 16–19]. In aThy 1-GN methylbenzidine-dihydrochloride were pipetted into each
and experimental lupus nephritis, NOS inhibition largely well. Extinction was determined in an automated plate
prevented glomerular damage, whereas in other experi- reader (DYNATECH, Denkendorf, Germany) at 650
mental studies of glomerular disease worsening of both nm and compared to rat albumin standards.
morphology and proteinuria were reported [20–23].
Macrophage and complement stainingIn this study, we used the substrain differences of
LEW/Maa versus LEW/Moe rats as a tool to investigate Snap-frozen kidney tissue were cut into 4-m thick
the differential expression of the glomerular NOS iso- slices and fixed on glass slides using acetone at 20C.
forms in a time course experiment in aThy 1-GN. Differ- Following rehydration, tissues were incubated with poly-
ences in glomerular iNOS and nNOS expression were clonal rabbit anti-rat-macrophage-antibody (ED-1; Ac-
found that may explain the inter-substrain differences curate Inc., USA) in a 1:750 dilution and with rat serum
in the course of the disease phenotypes in this model. diluted 1:50. Incubation with biotinylated goat anti-rab-
bit-IgG-antibody was performed and avidin-biotin-com-
plex (DAKO Diagnostika, Hamburg, Germany) wasMETHODS
then added for an additional 30 minutes. Color reaction
Animal model and study design was induced by incubation of slides using standard devel-
LEW/Moe rats were obtained from the Moellegaard oping buffer (DAKO Diagnostika). Staining for the de-
Breeding Center (Ry, Denmark), and LEW/Maa rats position of C3 and C5b-9 in glomeruli was performed
were provided by Frans Weekers from the University by indirect immunofluorescence technique as previously
of Limburg (Maastricht, The Netherlands). Anti-Thy 1 described [25].
glomerulonephritis was induced by single intravenous
Isolation of peritoneal macrophagesbolus injection of monoclonal antibodies [ER4-hybrid-
oma; 1 mg/kg body weight (BW); N  5 to 7 rats per Thioglycollate-elicited macrophages were isolated for
group] [7]. Rats were sacrificed at six hours (6h), at 24 in vitro culture and RNA extraction by standard methods
hours (d1), on day 7 (d7), day 28 (1m), day 84 (3m), and [26]. Following centrifugation of peritoneal lavage fluid
day 168 (6m). Perfused kidneys were removed and cortex on day 6, one pellet of cells from each animal was sub-
pieces were either snap-frozen, or formalin-fixed for im- jected to cell culture. Pellets of cells of two animals from
munohistochemistry and histological evaluation, respec- each substrain were immediately lysed in TriZol (Gibco
tively. Glomeruli were isolated from the remainder of BRL Life Sciences, Paisley, Scotland, UK) for RNA
the kidneys by graded sieving technique as previously extraction. The remaining two cell pellets from each
described [18]. group were resuspended in supplemented DMEM con-
taining 2 g/mL lipopolysaccharide (LPS), incubated for
Morphology two hours and subsequently lysed in TriZol. Samples
Formalin-fixed kidney tissue sections were stained were then stored at 80C.
with periodic acid-Schiff (PAS). Glomerular matrix
Semiquantitative RT-PCRexpansion was scored in a blinded fashion by two investi-
gators as previously published (matrix scores ranged Total glomerular and peritoneal macrophage RNAs
from 1  normal glomerular morphology to 4  diffuse were used for reverse transcription-polymerase chain re-
action (RT-PCR). The employed NOS primer sets andand complete glomerulosclerosis) [18].
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Table 1. Primer sequences and polymerase chain reaction (PCR) conditions for the detection
of nitric oxide synthase (NOS) isoform expression
Annealing Product
Primer sequences [Mg] temperature Denaturing size
nNOS (NOS I)
sense- 5	-CC ACG TGG TCC TCA TTC TG-3	 1.2 mmol/L 64C 94C 1140 bp
antisense- 5	-CCC TTT GTT GGT GGC ATA CTT-3	
iNOS (NOS II)
sense- 5	-GCA GAA TGT GAC CAT CAT GG-3	 2.0 mmol/L 60C 93C 426 bp [27]
antisense- 5	-ACA ACC TTG GTG TTG AAG GC-3	
eNOS (NOS III)
sense- 5	-GCA TCA CCA GGA AGA AGA CC-3	 1.2 mmol/L 65C 93C 486 bp
antisense- 5	-CGA ACA CAC AGA ACC TGA GG-3	
Rat-specific primer pairs to amplify the household gene GAPDH were obtained from CLONTECH Laboratories (Palo Alto, CA, USA), and used according to
the manufacturer’s instructions; product size: 983 bp.
Table 2. Parameters of renal disease: Albuminuria measurements, histological evaluation, and serum creatinine in
LEW/Maa and LEW/Moe rats
Strain Control d1 d3 d7 1m 3m 6m
Matrix score Maa 1.55
0.1 1.24
0.07 ND 2.98
0.3a 2.4
0.2a 2.01
0.2a 2.08
0.16a
score: 1–4 Moe 1.59
0.08 1.29
0.09 ND 2.22
0.2 1.54
0.15 1.41
0.1 1.51
0.12
Albuminuria Maa 0.09
0.03 0.19
0.15 2.59
0.92 114.3
35.6a 2.08
0.76a 1.43
1.12a 1.93
0.51a
mg/24 h Moe 0.11
0.01 0.34
0.08 1.96
0.93 10.18
4.12 0.48
0.42 0.39
0.17 0.67
0.23
Serum creatinine Maa 37.3
2.5a 36.7
1.3a 39.0
5.3a 55.0
5.6a 48.7
2.9a 36.7
4.1 44.3
5.0a
lmol/L Moe 28.3
4.7 26.5
3.5 29.0
1.0 30.0
1.7 29.7
7.4 30.3
5.7 35.7
1.2
Data are means 
 standard deviation.
Abbreviations are: d, day; m, month.
a P  0.05 comparing LEW/Maa vs. LEW/Moe rats at identical time points
PCR conditions are given in Table 1 [27]. Primer sets hours in blocking buffer (5% nonfat dry milk in 1TBS,
0.1% Tween 20). An affinity-purified rabbit polyclonalwere selected to include 1 to 2 introns. To exclude geno-
nNOS-antibody (Santa Cruz Biotechnology, CA, USA)mic DNA contamination, one RNA sample of each set
was used in a 1:1500 dilution in 0.5% blocking buffer. Aswas not reversely transcribed prior to PCR. A PCR reac-
the secondary antibody, a peroxidase-conjugated swinetion in the absence of cDNA was run as a negative
anti-rabbit immunoglobulin (DAKO Diagnostika) wascontrol. Identity of PCR products was confirmed by re-
used in a 1:3000 dilution. Molecular weight markers werestriction enzyme analysis and subsequent comparison
obtained from Bio-Rad Laboratories (Segrate, Italy).with predicted restriction maps.
Semi-dry blotting was performed using the BIOMETRATo semiquantitate the PCR results, amplification cycle
Fastblot device (BIOMETRA; biomedizinische Analytiktests were performed. After determination of the linear
GmbH, Go¨ttingen, Germany). The membrane was finallyamplification range, the probes were subjected to lim-
treated with enhanced chemiluminescent (ECL)-Westerniting dilution assays (nNOS at 38 cycles; iNOS at 34
blotting detection reagents and then exposed to Hyper-cycles; eNOS at 32 cycles; GAPDH at 30 cycles). At
film-ECL (Amersham International, Little Chalfont, UK).those cycle numbers, cDNA was used diluted 1:1, 1:2, 1:4,
1:8, 1:16 and 1:32, respectively. The NOS- and GAPDH- NADPH-diaphorase reaction
product band densities were quantified by computer- Enzyme histochemistry was performed as described pre-
aided densitometry (NIH Image, National Center for viously [28]. Snap frozen kidney tissues were cut to 5-m
Biotechnology Information, NIH, Bethesda, MD, USA). thin slices and mounted on gelatin-coated glass slides.
Slides were washed in phosphate buffered saline (PBS)Western blot
and then incubated in buffer (0.1 mol/L NaH2PO4  0.5
Pooled isolated glomeruli were homogenized in 50 mol/L Na2HPO4; 0.01% nitroblue tetrazolium chloride,
mmol/L Tris/HCl [pH 7.4; 0.5 mmol/L EDTA, 0.5 mmol/L 0.1%-NADPH, 0.3% Triton X-100) in prewarmed cham-
egtazic acid (EGTA), 1 mol/L leupeptin, 0.1 mmol/L bers for 45 to 50 minutes. No reaction product was found
phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L dithi- when NADPH was replaced by NADH.
othreitol]. Protein concentration was determined in the
Plasma renin activitysupernatants using the Bradford method. Samples were
run under non-reducing conditions on an 8% SDS-poly- For the determination of plasma renin activity (PRA)
acrylamide gel and transferred onto a 0.45m-nitrocellu- we employed the radioimmunoassay kit from Dupont
(Boston, MA, USA), using arterial EDTA-plasma.lose membrane, and subsequently incubated for three
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Nitrate and nitrite measurements in
culture supernatants
Isolated glomeruli were cultured at a concentration of
3000/mL in phenol-red-free DMEM supplemented with
penicillin/streptomycin, l-glutamine, tetrahydrobiopterin
and 0.5% fetal bovine serum (FBS) for 48 hours. Peri-
toneal macrophages were cultured in 12-well plates at
a concentration of 106/mL using the same conditions.
Supernatants were collected, centrifuged at 4000 rpm to
remove glomeruli and cell debris, respectively, and
stored at 20C.
Nitrite was detected using the Griess assay as pre-
viously described [18, 29]. Prior to the nitrite measure-
ments, nitrate was reduced by using nitrate reductase
(from Aspergillus species, 0.1 U/100 L; Boehringer
Mannheim, Mannheim, Germany) in the presence of
NADPH. Colorimetric reaction was determined using
an automated plate reader (DYNATECH, Denkendorf,
Germany) reading extinction at 550 nm and compared
to a standard curve of sodium nitrate.
Serum creatinine
Serum creatinine concentrations were determined us-
ing an automated analyzer (Hitachi 917).
Statistical analysis
Data are presented as means 
 standard deviation
(SD). The unpaired Student t test was used for compari-
sons of values between LEW/Maa and LEW/Moe rats.
RESULTS
As shown in Table 2, albuminuria increased more than
tenfold in LEW/Maa vs. LEW/Moe rats on day 7, and
persistent microalbuminuria at one to six months was
present only in LEW/Maa rats. Glomerular matrix
expansion was significantly increased in both substrains
on day 7, but persisted only in LEW/Maa rats at any
later time point. Serum creatinine concentrations were
higher in LEW/Maa rats at baseline and increased from
day 7 after aThy 1-GN induction (Table 2). Identical
immunohistochemical staining for glomerular C3 and
C5b-9 deposition suggested that the initial inflammatory
events caused by anti-Thy 1 antibody binding to the
mesangial cells were not different in both substrains
(data not shown).
Peak de novo expression of iNOS-mRNA (Fig. 1A)
Fig. 1. Semiquantitative results from reverse transcription-polymerase
was noted in both substrains at six hours after aThy chain reaction (RT-PCR)-limiting dilution assays corrected for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) expression. (A) Induc-1-GN was induced, in line with our previous observations
ible nitric oxide synthase (iNOS) expression was 2.1-times higher inin Sprague-Dawley rats [18]. However, at this time point
LEW/Maa rats () at six hours and remained increased in comparison
the iNOS mRNA expression was 2.1-fold higher in LEW/ to LEW/Moe ( ) rats until on day 7. (B) Neuronal nitric oxide synthase
(nNOS) expression was constitutively increased in LEW/Maa vs. LEW/Maa rats, and a sustained increase in iNOS expression
Moe rats at any time point under investigation. (C) There were nowas maintained in LEW/Maa rats for one week when
significant differences in glomerular endothelial NOS (eNOS) expres-
compared to LEW/Moe rats. INOS activity of ex vivo sion between LEW/Maa and LEW/Moe rats and between control and
nephritic rats.cultured glomeruli also was elevated at early time points
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(Fig. 2A) in LEW/Maa rats associated with an increased
percentage of glomerular microaneurysm formation on
day 7 (56 
 7 vs. 6 
 2% glomeruli; P  0.001) and
with a sustained macrophage infiltration (Fig. 2B), except
at the six-hour time point where equal numbers of glo-
merular macrophages were present in both substrains.
We further evaluated this discrepancy between in-
creased iNOS activity in LEW/Maa rats and the presence
of equal numbers of glomerular macrophages in both
substrains at this time point by harvesting peritoneal
macrophages and inducing iNOS expression and activity
by LPS-stimulation in these cells. LPS-stimulated perito-
neal macrophages from LEW/Maa rats showed an in-
creased capacity of iNOS activation (Fig. 2C) as well as
iNOS mRNA expression per cell (data not shown).
Neuronal NOS-mRNA and protein expression were
found constitutively elevated in LEW/Maa rats at any
time point in control and nephritic animals by RT-PCR
(Fig. 1B) and by Western blot (Fig. 3A), respectively.
bNOS enzyme activity was localized by NADPH-diaph-
orase technique (Fig. 3B) and restricted to the macula
densa region in both Lewis rat substrains, suggesting
that intraglomerular cells do not contribute to nNOS
expression. Plasma renin activity (PRA) measurements
were performed in 16 animals per substrain at 5 different
time points to investigate a relationship between nNOS
expression and renin secretion. PRA was significantly
increased in LEW/Maa vs. LEW/Moe rats (6.2  2.1 vs.
3.8  1.4 ng angiotensin I/mL/h; P  0.05).
No differences were detected in glomerular eNOS-
expression between both substrains by semiquantitative
RT-PCR (Fig. 1C). We attempted to measure NOS activ-
ity using pooled membrane fractions from glomerular
isolates by 3H-citrulline assay. However, we were not
able to determine membrane-associated NOS activity,
since our preparations (membrane fraction of 10,000
lysed glomeruli) yielded results below the detection limit
of this method.
DISCUSSION
The focus of this study was to investigate the role of
the glomerular l-arginine/NO-pathway in the differen-
tial course of aThy 1-GN in two different Lewis rat sub-
rats). (B) Glomerular macrophage infiltration: On days 1, 3 and 7, the
number of glomerular macrophages (ED-1 positive cells/glomerular
cross-section) in LEW/Maa rats was significantly higher than in LEW/
Moe rats. (N  4 rats per time point; data are means 
 SD; *P 
Fig. 2. (A) Glomerular NOS activity. A significant increase in nitrate 0.05 comparing LEW/Maa vs. LEW/Moe rats). (C) Macrophage NOS
production by ex vivo cultured glomeruli was observed in both nephritic activity. Following ex vivo stimulation with 2 g lipopolysaccharide
LEW/Maa () and LEW/Moe ( ) rats, while glomeruli from LEW/ (LPS), macrophages from LEW/Maa rats produced significantly more
Maa rats produced significantly more nitrate than those derived from nitrite than those obtained from LEW/Moe (nmoles nitrite/106 cells/mL;
LEW/Moe rats at 6 hours, on day 1, day 7 and at 1 month. (N  6; N  6 wells per time point; data are means  SD, *P  0.01 comparing
data are means 
 SD; *P  0.05 comparing LEW/Maa vs. LEW/Moe LEW/Maa vs. LEW/Moe rats).
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Fig. 3. (A) Neuronal nitric oxide synthase
(nNOS) Western blot. Glomerular nNOS-pro-
tein expression was constitutively increased in
LEW/Maa versus LEW/Moe rats at any time
point in this model. LEW/Moe rats: lanes 1 
control, 2  6 hours, 3  day 1, 4  day 7.
LEW/Maa rats: lanes 5  control, 6  6 hours,
7  day 1, 8  day 7; lane 9  positive control.
Protein size was identified using appropriate
molecular weight markers. (B) The NADPH-
diaphorase reaction was positive exclusively in
the macula densa region in LEW/Moe and
LEW/Maa rats. This figure shows representa-
tive enzyme histochemical stainings from one
month after disease induction (480).
strains. In the context of a severe and chronic disease Munich-Wistar rats in the same model [19]. We think
that these differences may depend on differences in glo-course of aThy 1-GN, we found (1) an up-regulated
glomerular iNOS associated with increased macrophage merular isolation techniques, since the macula densa was
maintained in a constant proportion of our glomerularinfiltration and macrophage iNOS activation, and (2)
a constitutively overexpressed bNOS associated with preparations. Our localization studies using enzyme histo-
chemistry excluded intraglomerular localization of nNOSincreased plasma renin activity (PRA) as a potential
indicator of increased angiotensin II effects in LEW/ activity, while clear staining was observed within the
juxtaglomerular apparatus in both Lewis rat substrains.Maa rats.
The finding of a positive association of iNOS up-regu- Several reports link nNOS-dependent NO release to
renin expression and secretion from the macula densa,lation with increased and sustained macrophage infiltra-
tion from day 1 to day 7 in LEW/Maa rats suggests however, the results are controversial [11–14]. Both in-
hibitory and stimulatory actions of NO on renin releasethat these cells are the primary source of induced NO
synthesis. Studies by Cattell et al and de Heer et al have have been reported depending on the experimental ap-
proach. Our data show increased nNOS expression asso-conclusively demonstrated the major role of infiltrating
macrophages in glomerular inflammation, and our re- ciated with significantly increased PRA values in LEW/
Maa vs. LEW/Moe rats. This finding may indicate ansults are compatible with their previous reports [17, 30].
Both prolonged chemotactic responses and/or a de- increased activity of the renin-angiotensin system (RAS)
in LEW/Maa rats. An up-regulated RAS may constitutecreased glomerular clearance of macrophages could po-
tentially represent upstream mechanisms leading to this a progression factor in this model, since angiotensin II
is both a mediator of increased intraglomerular pressureaggravated inflammatory reaction in LEW/Maa rats.
At six hours after disease induction, however, we and an inducer of pathophysiologically important growth
factors (TGF-, PDGF, etc.) [31].found a twofold increase in both iNOS mRNA expres-
sion and iNOS activity in LEW/Maa vs. LEW/Moe rats Increases in PRA also may be caused indirectly by
disease-associated hemodynamic alterations. However,despite equal numbers of infiltrating macrophages in
both substrains. This led us to conduct studies using we observed increased nNOS expression and increased
PRA in non-nephritic LEW/Maa vs. LEW/Moe rats,isolated peritoneal macrophages to determine their ca-
pacity of iNOS induction. As a key finding of this study, while only the glomeruli from LEW/Maa rats showed a
marked hypertrophy after induction of aThy 1-GN. Bothwe observed that LPS-stimulated macrophages from
LEW/Maa rats expressed more iNOS mRNA and activ- substrains were normotensive at baseline and on day 7
after aThy 1-GN induction (data not shown). The lack ofity per cell than those obtained from LEW/Moe rats.
Increased nNOS mRNA and protein expression was significant systemic hemodynamic changes does not en-
tirely exclude disturbed glomerular hemodynamics dur-an unexpected finding in our study, since Goto et al pre-
viously did not detect nNOS in glomerular isolates of ing the disease course of aThy 1-GN in LEW/Maa rats,
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